Vacuum ultraviolet/photofragmentation laser-induced fluorescence has been demonstrated to be a highly specific and sensitive method for the quantitative measurement of atmospheric ammonia (NH, 
Introduction
Ammonia is the dominant basic species in the troposphere and therefore significantly impacts on the acidbase chemistry of the lower atmosphere.1-7 Gas phase ammonia, representing the most abundant reduced form of atmospheric nitrogen, is surprisingly stable in an oxidative atmosphere, exhibiting a long lifetime with respect to oxidative attack (45 days). Ammonia's fate in the atmosphere is primarily controlled through its equilibrium with aerosol acidic compounds [namely, NH 4 NO 3 , (NH 4 ) 2 SO 4 , etc.] and aqueous droplets [e.g., NH 3 (g) NH 3 (aq) (+NO-)(aq) + NH+ NH 4 NO 3 ], with eventual gas phase removal occurring through dry deposition and rainout/washout events. The equilibria of gas phase ammonia with aerosols and droplets is still not completely understood, especially at low concentrations and low temperatures in atmospheric conditions. 8 -' 5 Sources of atmospheric ammonia are believed to be dominated by soil emission and varies significantly from region to region depending on land use practices, soil type, temperature, moisture content, and degree of animal husbandry. In addition, the role of the oceans with regard to being a net source or sink of atmospheric NH 3 is still unclear.,67,16,1 7 Gas phase ammonia studies over continental regions (primarily in the northern hemisphere) show the range of ammonia concentrations generally varying between 1 and 20 parts-per-billion-by-volume (ppbv). There are few measurements of ammonia in remote regions and still fewer measurements of the vertical distribution of ammonia in the troposphere. Current estimates of the global ammonia budget have assumed globally averaged concentrations for remote regions ranging from 0.5 ppbv to 3 ppbv. 6 , 7 , 16 Measurements over the ocean, which are not significantly impacted by direct continental air masses, suggest this latter value is <0.2 ppbv. 1, 17, 18 The cycling of gas phase ammonia and its effects on acid deposition, enhanced aqueous phase S02 oxidation, aerosol formation, production of nitric oxide in the remote atmosphere, and redistribution of nutrient nitrogen in biospheric systems has been pointed out in numerous reviews.1 5 -7 The need for further studies, especially in remote regions, is obvious. However, few methods have currently exhibited an ability to reliably measure gas phase ammonia at concentration levels relevant to that anticipated in the remote troposphere (i.e., [NH 3 ] < 200 pptv). Direct spectroscopic techniques, involving either remote infrared differential absorption lidar 1 9 or in situ tunable diode laser absorption, 2 0 21 currently lack adequate sensitivity to be of use at concentration levels in the few to tens of pptv range. All other techniques, reported to date, indirectly determine ammonia through the use of preconcentration with subsequent analysis using chemical converters, ion chromatography, absorption or fluorescence of NH 3 derivatives, etc.
Acid impregnated filter collection techniques have been shown to possess interferences associated with either prefilter release of ammonia from ammonia containing aerosols or ammonia loss resulting from reaction with acidic deposits, or both. They can also exhibit a decrease in ammonia collection efficiency at low ambient relative humidities.
2 2 -2 6 Sample collection time necessary at low concentrations is typically 3-12 h.
Acid coated diffusion denuder collection techniques have also been developed. 2 3 27 This method has been shown to work best when the denuder is used without a front end inlet system 2 8 and is limited with regard to the sample collection time necessary at low concentrations (typically 1-10 h).
Permeable membrane scrubber collection techniques have also been described recently. 2 9 3 0 The open air collection geometry 3 0 appears to suffer interferences from other concomitant trace gases (e.g., NO 2 and SO 2 ). The annular diffusion denuder sampler 2 9 appears promising at high concentrations (i.e., [NH 3 ] > 250 pptv). However, problems have been exhibited at low concentrations (i.e., nonlinear response). In addition, system response changes with relative humidity are not well understood, and the discrepancy observed between results taken with and without a prefilter might suggest that small aerosols are also being collected and measured in these systems.
Metal oxide denuder collection techniques, using either tungstic oxide coated cylindrical denuders or molybdenum oxide annular denuder designs, have also been developed. 3 1 -3 3 These systems rely on high temperature desorption of the ammonia from the metal oxide surface with subsequent or simultaneous catalytic oxidation of NH 3 to form the detected species NO. Interferences from other organic amines and in some cases HNO 3 have been observed. Due to the elevated temperature used in the heated Teflon inlet system, that was found to be necessary for reducing inlet memory effects, 3 3 interferences are likely in this latter instrument from the decomposition of concomitant ambient aerosols. Time resolution of these systems for ambient NH 3 in the tens of pptv range is currently limited to 30 min or longer.
Atmospheric ammonia measurements reported to date have been made with one of the techniques described above or a slight variation in one of the techniques listed. In general, the databases for concentrations >1 ppbv should be reasonably reliable.
However, interpretation of the reliability of measurements made significantly below 1 ppbv is difficult due to the potential positive and negative interferences, which may arise in ambient sampling conditions, that are difficult to test for in a quantitative manner. Ammonia measurements in the tens of pptv range are further complicated by the adsorption properties of NH 3 and the fact that humans emit substantial quantities of NH 3 , which may effect blank measurement repeatability in techniques that require human manipulation of the sample.
Reported here is a vacuum ultraviolet photofragmentation laser-induced fluorescence (VUV/PF-LIF) sensor that is capable of routine measurements of gas phase ammonia in the concentration range relevant to the remote troposphere with time resolution capabilities of 1 min or less. The VUV/PF-LIF sensor is spectroscopically selective and virtually free from inlet memory problems due to its unique high flow rate ambient sampling design. In addition, the VUV/PF-LIF NH 3 instrument has now participated in an NH 3 instrument critical intercomparison (Boulder, CO, Jan.-Mar. 1989).34
II. Description of VUV/PF-LIF NH 3 Sensor

A. VUV/PF-LIF Technique
Like numerous other atmospherically important polyatomic trace gases that possess unbound upper electronic states (namely, HONO, HNO 3 , H 2 S, CS 2 , COS, etc.), ammonia does not fluoresce strongly enough to allow a direct laser-induced fluorescence (LIF) sensor to be developed with adequate sensitivity for atmospheric monitoring purposes. The method of photofragmentation laser-induced fluorescence (PF-LIF), in which the parent molecule is photolyzed into smaller fragments that possess high fluorescence efficiency, has now been demonstrated as a selective and sensitive technique for detecting the molecules HONO 3 5 and NO 2 . 3 6 The extension of the photofragmentation process into the near VUV makes possible the potential detection of numerous atmospherically important trace gases (namely, NH 3 , H 2 S, SO 2 , CS 2 , etc.). This is a result of the large absorption cross section of these gases in the VUV and the usually large quantum yields for production of simple diatomic photofragments (e.g., NH, SH, SO, CS). To assess the attributes of the VUV/PF-LIF technique, we chose ammonia as the first molecule for which to develop and test a field sensor.
The spectroscopy of the NH 3 VUV-PF/LIF detection scheme is summarized below and in the energy level diagram depicted in Fig. 1 :
NH(b'2:+) + products,
,------ Although prompt luminescence, following the photodissociation of NH 3 , has been observed from several excited states of the NH photofragment, the utilization of this luminescence for development of a sensitive and selective atmospheric sensor (as suggested by Halpern et al. 3 7 ) is severely complicated by the large background fluorescence (also referred to as air glow) generated from concomitant gases and aerosols by the 193-nm VUV photolysis pulse. For this reason we chose to monitor the population formed photolytically in the metastable NH(b 1 X+) state. In atmospheric pressure/composition conditions, the excited NH(b'Z+) state has been found to exhibit a long enough lifetime to allow virtually all the 193-nm generated background noise to decay to near negligible levels. Thus, after an appropriate delay time (1-10 Ms), the NH(b 1 Z+) state population can be interrogated via step (2) using a probe laser (X 2 = 452 nm) that is capable of resolving individual rovibronic transitions in the NH(b 1 ;+) NH(clII) manifold (Fig. 2) . The fluorescence induced by the excitation to the NH(c'll) state is then monitored at 325 nm. In this scheme, the observed fluorescence is spectrally blue shifted from the probe laser wavelength. This combination allows the NH 3 VUV-PF/LIF sensor to spectrally eliminate background generated from the probe laser, and temporally minimize the photolysis laser generated background to nearly insignificant levels.
The detailed nature of the two-photon process that leads to the formation of the NH(bl3+) state is still not fully understood but is believed to involve initial formation of the NH 2 (A 2 A,) state and/or highly vibrationally excited NH 2 [e.g., reactions (4), (5) and/or (6) , (7) Even though transient intermediate states are involved in this two-photon process, the overall photofragmentation process occurs with high efficiency within the short (8-ns) time period of the 193-nm photolysis laser pulse. More detailed discussions of this process are available in the literature. 3 8 -4 2 Following the formalism used previously for describing similar LIF and PF-LIF techniques, 4 3 -4 5 the detection efficiency of the VUV/PF-LIF sensor can be described by D,= Epl X E, 9 XEb X Ef X Ed X VX [NH 3 ], (8) where 
V = volume of the sampling region = al, X I for al < a 2 .
In these equations, [NH 3 (13) and (14) define the overall efficiency at which fluorescence is detected, where 'YX 3 is the fraction of the total fluorescence falling within the optical transmission window; Yx 3 is the total optical collection efficiency f/1.4 lens system; Z\ 3 is the optical filter transmission factor; FA 3 is the quantum efficiency of the photomultiplier tube (PMT) at X 3 ; ax, is again the effective beam area; and 1 is the effective path length over which fluorescence can be monitored by a single PMT using f/1.4 lenses.
Equations ( Nevertheless, these efficiency terms are useful in describing the various parameters that control the detection and operational characteristics of the VUV/PF-LIF sensor. Equation (9) , which describes the photolytic efficiency for production of NH(bl2+) from NH 3 , can be further simplified, in the absence of population depletion of the states being excited, to the form
Similarily, Eq. (10) can be simplified to the form
Thus, for laser pumping conditions that do not significantly deplete the population of the state being pumped, the detection efficiency is proportional to the square power of the photolysis laser photon flux and to the first power of the probe laser photon flux as shown below:
( 17) Confirmation of this relationship has demonstrated a linear regression analysis for log(Dx 3 ) vs log (photolysis laser pulse energy per unit area), with a slope of 1.7 0.3(2o), over the range of 2-23 mJ/cm 2 , and with no obvious signs of saturation affects. Te deviation from true square power dependency (i.e., slope = 1.7) is believed to be due to the temporal waveform of the excimer laser pulse and the functionality of PA\, PA 2 , and R with time which are not accounted for in the simple assumption of square root dependency. The dependence of Dx 3 on the 452-nm probe laser energy fluence exhibited a log-log slope of 0.97 ± 0.08(2a) for laser energy fluences from 0.05 to 2.5 mJ/cm 2 .
Equation (11) defines the efficiency that the NH(b 1 2+) state population, formed from the photolysis of NH 3 , survives the delay time between photolysis and probe laser pulses. Detailed studies into the relaxation effects of the most atmospherically important collision partners (e.g., M = H 2 0, 02, N 2 , CO 2 ) have been carried out as previously reported. 4 6 Of these molecules, water vapor was found to be the most im- length lens, to -0.3 cm 2 at the center of the sample cell (where the energy was -9 mJ/pulse). The probe laser consisted of a Nd:YAG pumped dye laser (International Laser System NT674 and Quanta Ray PDL-1, respectively). The laser dyes employed were coumarin 450 for the laser oscillator and coumarin 460 for the side pumped amplifier. The dyes were pumped by the third harmonic output of the Nd:YAG laser ( = 355 nm). Different oscillator/amplifier dyes were chosen to reduce spectrally broadband amplified spontaneous emission from the dye laser. The probe laser beam was spatially filtered and collinearly combined with the 193-nm photolysis laser and had an energy of -2 mJ/pulse, in an 0.8-cm 2 beam, at the sample cell. Pulse energies of both laser beams were monitored by silicon photodiodes. The larger probe laser beam area, a 2 , was chosen to minimize spatial overlap problems between and X 2 lasers in a field instrument.
Extensive tests were carried out, early in the sensor development program, to select materials that would both minimize the 193-nm generated background signal and memory effects caused by adsorption of NH 3 . The trend in the magnitude of the 193-nm generated background fluorescence for some of the materials tested was found to be vitreous carbon << stainless steel (316 or 324), passivated nickel, aluminum (6061) < brass, black Teflon coated aluminum, Pyrex, anodized aluminum < crown glass, S1-UV quartz < (GI, 12-IR, or CO) grade quartz, sapphire (where each < symbol represents approximately a factor of 4 lower fluorescence). Vitreous carbon would have been the ideal choice of cell materials but was abandoned due to the complexities and costs involved in fabricating a cell from this material. Passivated nickel (a material with low NH 3 memory), 4 8 having lower background fluorescence than Pyrex or S1-UV quartz, was chosen for the sample cell body and S1-UV quartz for the optical window materials (due to the transmission requirements needed at 193 and 325 nm).
I
The fluorescence light was collected using a pair of f/ 1.4 S1-UV lenses in a point-collimated-point geometry and imaged onto a photomultiplier tube (PMT, Hamamatsu model R331). A Schott UG-11 and a 50-A bandpass filter (centered at 325 nm, Barr Associates)
were placed in the collimated region of the collection optics package and used to reject background light not falling within the NH(c 1 11) == NH(a'A) fluorescence band profile.
The R331 PMT was operated in a virtual grounded cathode configuration, to which a +450-V gating pulse could be applied. This pulse effectively gated off the PMT during the 193-nm photolysis laser pulse. The PMT on/off contrast ratio, using this configuration, was >100/1. Gating of the PMT in this manner was necessary to reduce PMT self-generated noise caused by the large background signal that was observed during the 193-nm photolysis laser pulse. Use of a high speed gated microchannel plate PMT (Hamamatsu model 1564) having >1000/1 contrast ratio showed no statistically significant change in the observed background over that observed with the less expensive gating scheme using the R331 PMT.
Time synchronization of the gate generator and laser pulses was provided by an in-house-constructed synchronization/timing system. Delay times between the photolysis and probe laser could be varied from 2
As to 10 ms. Photolysis to probe laser jitter was <0.2
As. The high speed gated photon counting electronics have been described previously. 4 9 Ambient sample manifolds have been constructed of 5-cm i.d. heavy wall Pyrex tubing having lengths that vary from <1.5 m (for an aircraft sampling platform) to as long as 8 m (for a ground based system). As noted in Eq. (8) , the VUV/PF-LIF signal is independent of sample volume flow rate. The use of high volume sampling flows that produce short residence times has been an effective means of minimizing memory problems associated with NH 3 adsorption on the inlet sample manifold walls. Typical sample flow rates, used in this system, range from 600 to 2400 slpm with sample residence times of <1 s. The residence time within the optical cell was <0.1 s. To minimize aerosol decomposition effects, pressure drops within this nonrestricted sample manifold were kept below 5 mbar. In addition, the sample manifold and cell were thermally insulated and operated within ±3 0 C of ambient air temperature. The sample inlet manifold and optical cell were routinely leak tested using 100 ppmv of 15 NH 3 (see discussion in next section) as a tracer gas.
Calibration of the instrument has been accomplished in a three tier manner. Data normalization, using the VUV/PF-LIF signal measured from a referencing cell that contains a known mixture of NH 3 and nitrogen, constituted the first tier. This reference cell system is instrumentally equivalent to an internal standard and was used to correct for degradations in laser performance that can occur between calibrations (namely, laser energy and wavelength drifts). 4 9 The signal from the reference system was continuously recorded by the data acquisition/computer system and was used to normalize all data. The second tier involved calibrations using isotopic 1 tions where the ambient ammonia concentration was highly variable. The third calibration tier involved direct calibration of the system by the method of standard addition using a primary 14 NH 3 certified gas standard. The standard addition calibration system consisted of a three-stage continuous flow serial (dynamic) dilution system, which has been previously described. 4 9 This system diluted 100-ppmv NH 3 certified standards (Scott Specialty gases) and provided a continuous flow of nominally from 100-ppbv to 1-ppmv NH 3 to a solenoid valve mounted at the inlet of the ambient sampling manifold. Standard addition calibration, using either 15 NH 3 or 14 NH 3 , covering the range of 0.1-10 ppbv was accommodated by varying the gas flow rate admitted to the sampling manifold from the preequilibrated calibration flow loop. Dew point, within the sample manifold, was monitored using a two-stage dew-point hygrometer (General Eastern) and was used to correct for changes occurring in ambient water vapor between calibration points, as described earlier in Eq. (10) .
Data acquisition computer systems were used to record the VUV/PF-LIF signal counts, laser energy monitor and reference signals, dew point, sample manifold and ambient temperature, calibration system and ambient flow measurements, as well as other system parameters and chemical/meteorological variables [namely, 03 (Dasibi photometer), windspeed and direction, pressure, etc.]. These systems were nominally operated in 1-5-min data formats representing the integrated value of fluorescence signal counts or the average value of support data over these time periods.
C. Operational/Performance Characteristics As previously mentioned, the sensitivity of the instrument (i.e., D 3 ) is strongly dependent (1.7 power) on the 193-nm photolysis laser energy. This energy can vary from 18 to 4 mJ/pulse as the performance of the excimer laser slowly degrades over a period of months between routine servicing intervals. In critical applications, where utmost sensitivity is required, the laser can be maintained at high output energies for operational periods in excess of 240 h between maintenance intervals. In these conditions (nominal laser output energy = 14 mJ/pulse) the instrument sensitivity for the configuration reported here has been found to be 1.5 0.3-photons/pptv/min integration (at 10-Torr water vapor concentrations and td = 2 s). The detection limit (LOD) of the sensor has been found to be limited by the photon statistical fluctuations [i.e., (background counts) 1/2] in the observed 193-nm photolysis laser generated luminescence. The absolute magnitude of the observed 193-nm generated background component, which typically ranges between 1 and 20 photons/min (at td = 2 s) depending on the concomitant loading of aerosols and trace gases in the ambient air, is continuously monitored by a separate gated photon counting channel, whose aperture opens -110 ns prior to (or after) the fluorescence induced by the probe laser pulse. The timing diagram depicting this sequence is shown in Fig. 4 . For conditions of low relative humidity, longer photolysis to probe delay times can be used to further minimize the observed background, which has been found to decay with a nominal 1/e time of 32u /s (over the time range of 2 ,us < td < 20 s). As currently configured, this system, using one fluorescence detection PMT, has exhibited LODs (S/N = 2/1) of <10 pptv for a 1-min integration period and <4 pptv for a 5-min integration period (in adverse field sampling conditions). These detection limits are expected to be improved from threefold to fivefold for modest system improvements involving increases in the number of PMTs (4 vs 1) and the use of moderately higher photolysis (30-mJ/pulse) and probe laser (5-mJ/pulse) energies.
The VUV/PF-LIF technique is inherently linear over more than 5 orders of magnitude change in NH 3 concentration. Optical pre/post filtering nonlinear effects have been shown, as expected, not to occur for concentrations below ppmv levels. However, as currently configured, the gated photon counting electronics suffer from multiple photons per gate being counted as one pulse (also known as pulse pile-up). 4 6 At this time, diffusive optical attenuators, placed in front of the PMT, have been used to maintain electronic counting linearity into ranges that nominally cover hundredfold changes in NH 3 concentration. Figure 5 shows a typical calibration curve obtained over the range of 100-13,000 pptv. The correlation coefficient of the least-squares fit of this data set is 0.997. Gated analog signal processing techniques are currently available that would eliminate the limited dynamic range of the gated photon counting system used in the present instrument. For NH 3 concentrations significantly above the LOD, the measurement precision of the instrument is dominated by the photon statistical fluctuations in the observed signal count rate [e.g., (observed NH 3 signal counts)1/2]. For a nominal instrument sensitivity of 1.5 photons/pptv/min, the measurement uncertainties at the 95% confidence limit (2of) for NH 3 concentrations of 30, 100, and 200 pptv, and integration times of 1 min, would be ±30%, +16%, and ±12%, respectively.
The uncertainty associated with normalizing laser performance via the observed reference cell signal would add •+ 6% (2oa) uncertainty (for a factor of 2 change in instrument sensitivity). The uncertainty associated with the water vapor NH(bl2+) deactivation correction would be <±18% (2o) (in worst-case conditions of 10-Torr change in [H 2 0]). For more typical changes in water vapor of ±2 Torr, the uncertainty, from this effect, would be <±6% (2oa).
The absolute calibration accuracy has been estimated to be • ±18% (at the 95% confidence limit) based on intercomparison of numerous certified NH 3 standards and the combined uncertainties in the calibration and sample mass flow measurements.
Typical spike response times, using a high flow rate as a tracer gas showed decay of the observed signal from 1 5 NH 3 approach baseline levels with a 1/e fall time constant of 3i+2 min over a wide range of ambient temperatures and relative humidity for an 8-m inlet system at 1200 slpm (0.8-s residence time).
In the UV/PF-LIF method, no atmospheric compound can produce a positive signal unless the following three criteria are satisfied for the spectrally interfering species produced from the parent atmospheric compound: (1) it must be produced in air by 193-nm photolysis of the parent compound, (2) it must survive the delay between the photolysis and probe laser pulses, and (3) it must fluoresce within the 326-nm emission filter passband when excited by the narrowband probe laser tuned to a specific NH(b 1 2+ c 1 11) rovibronic absorption line at 452 nm. Because of these stringent requirements, it is believed that only those compounds which produce the NH(b 1 2+) radical through 193-nm photolysis can be considered as potential interferences. In particular, the most likely interfering species might be the organic amines: monomethylamine (NH 2 neither of these compounds is predicted to be present in the atmosphere at significant levels compared to NH 3 (Ref. 7) and therefore are not included in the test.
As is apparent from Table I , trimethylamine, as expected, produced no detectable signal, while the other amines tested all yielded a concentration normalized signal 6-10% as strong as that from ammonia. In the case of monomethylamine the result was consistent with estimates of the impurity level of NH 3 in the sample. However, both dimethylamine and monoeth- ylamine appeared to give signal levels in excess over what was anticipated using vendor specified levels of impurities. At this time, the resolution of the question as to the impact of these results on the selectivity of this method appears to be academic, since the atmospheric levels of amines are predicted to all be well below the level of NH 3 in the troposphere. Hence, no significant interference by these compounds is anticipated.
Tests were also conducted to assess if any non-NH containing compounds produced a measurable spectral interference. In excess of 10 h of total measurement time was dedicated, in a variety of atmospheric conditions, to monitoring the net signal obtained when the probe laser is tuned-off of a NH(b'7+) NH(cII) transition, and no net signal above the statistical uncertainty in the 193-nm generated background counts has ever been observed.
Laser decomposition of ammonia containing aerosols has been suggested as a possible interference mechanism for the VUV/PF-LIF technique. Direct assessment of this potential source of interference has been complicated by the associated high levels of gas phase NH 3 present in equilibrium with liquid or dry aerosols containing ammonia compounds. Based on recent investigations into the mechanisms for laser initiated aerosol decomposition 5 2 -5 5 it is reasonably safe to assume that, for the laser irradiation conditions used in our system (i.e., At = 8 ns, 0.03 J/cm 2 , X = 193 nm, I = 3.8 X 106 W/cm 2 ), optical breakdown will not occur even in conditions of high aerosol loading. Furthermore, aerosol decomposition resulting in an observable signal [i.e., aerosol NH 3 (gas) NH(b'2+)] must occur during the 8-ns, 193-nm photolysis laser pulse, since the sample cell residence time is less than the time between laser pulses. For the laser conditions given above it should also be safe to assume that liquid aerosols (with or without a solid core) will not volatilize appreciable NH 3 (gas) during the 8-ns photolysis laser pulse duration, since the laser fluence is below the superheat limit for aqueous aerosols 0.4-Am diameter (even for highly absorbing liquid aerosols).
At this time it appears as though the only possible interference from laser decomposition of aerosols might occur from small dry aerosols with diameters <0. 4 ,m for which the aerosol mass is sufficiently small to allow temperature rises of >25oC/ns. Worst-case conditions can be described by (1) the first half of the laser pulse (4 ns) is effectively used to form NH 3 in the gas phase [e.g., NH 4 3 , thereby yielding an equivalent interference of 2.5 X 107 NH 3 molecules per aerosol particle. However, even at sonic velocity, the expanding decomposition products, NH 3
(gas) + HNO 3 (gas), will yield number densities of NH 3 and HNO 3 within the localized area of the decomposed aerosol that ranges from -1022 to 1016 molecules/cm 3 over the time range from 10 ns to 1 Mts. These large localized number densities would greatly increase the quenching rate experienced by NH(bl3+) radicals within the expanding vapor cloud, resulting in 1/e quenching times ranging from 0.25 ns to 25 ,s as the vapor cloud expands. Therefore, very little of the NH(b 1 2+) state population formed is expected to survive the time delay between the photolysis and probe laser pulses (i.e., 2-10 ,us) as >>10 (1/e) decay times should be experienced over this time range.
Interferences from laser decomposition of either aqueous or dry ammonia containing aerosols are estimated to yield < 100-pptv equivalent NH 3 ambient gas phase concentration for severe pollution episodes in which the ammonia aerosol concentration is as high as 3 3 -,g NH4+/m 3 (i.e., 46 ppbv). In these conditions, however, the NH 3 ambient gas phase equilibrium concentration is expected to be >1 ppbv over the temperature range of 200-350 K.
The photolysis laser pulse will photodissociate not only NH 3 but also numerous other atmospheric compounds (namely, 02, 03, HNO 3 , CS 2 , etc.), producing a number of highly reactive atomic and radical species (namely, 1 D, OH, CS, etc.), as well as the H atoms formed from the photolysis of ammonia. Reactions involving these photolytically produced species are not viewed as a problem since even for near collision frequency limited reaction rates (i.e., k 2 X 10-1o cm 3 / molec s) and concentrations as high as 1 X 1014 molec/ cm 3 , no significant perturbation of the NH(b 1 2+) population is expected for 2Ms < td < 10 s. Photodissociation of water and oxygen, the most abundant atmospheric compounds dissociated at 193 nm, have exhibited little effect on this technique other than that expected for the quenching of the NH(b 1 2+) state by the parent molecules. 4 6 Mass transport out of the photolysis/sample cell eliminates any possible complications due to secondary chemistry (residence time <0.1 s) although the effect of secondary chemistry has been observed in slow flow or sealed systems.
As a final note, the VUV/PF-LIF sensor has recently participated in an NH 3 instrument intercomparison (Jan.-Mar. 1989, Boulder, CO). The results of this intercomparison will be published elsewhere. 3 4 Due to the data/publication protocol, which has been established for intercomparison participants, details of the results cannot be provided as of this writing. However, a summary of several important test results conducted by our group during unofficial intercomparison time periods are worth noting at this time. During ambient sampling periods in which relative humidities varied from 10% to 90%, no statistically significant loss in observed VUV/PF-LIF signal strength was found (i.e., ADX 3 •±10%) using 15 NH 3 as a tracer gas. The effects of inlet long term memory on the measurement of low ambient NH 3 concentrations (i.e., <500 pptv) were examined through sample flow rate changes (300-2400 slpm), sample inlet line cleaning and heating tests, and 1 5 NH 3 tracer tests. Only the sample line heating test exhibited a statistically significant variation in the observed NH 3 signal, which is believed to be due to the decomposition of NH 3 containing aerosols.
Ill. Field Measurements and Observations
During Unique aspects of the Stone Mountain field site include (1) its height above the surrounding terrain makes it reasonably insensitive to the effects of localized sources, even though it is located on the edge of suburban Atlanta; (2) the height of the mountain allows for frequent encounters with clouds when frontal systems pass through north central Georgia (this situation provided an opportunity to further assess the importance of aerosol scavenging in controlling NH 3 levels in a clear air mixed-cloud environment); and (3) the elevation of the sampling site is such that at night the top of the nocturnal boundary layer typically sets up at a height that is below the top of the mountain where in these conditions the levels of trace gases encountered are often more typical of rural lower free tropospheric air than they are of suburban or urban Atlanta air. Overall, the Stone Mountain field site has been found to be a very interesting one from a scientific point of view, offering a wide variety of atmospheric sampling conditions.
The program to study tropospheric NH 3 at the Stone Mountain field site has centered around testing the sensor in a variety of ambient sampling conditions and examining the seasonal variation in the levels of ammonia. Toward these goals, the ammonia instru- measurements primarily focused on system testing. During the period from Dec. 1987 through Apr. 1988 data were taken over the course of 24 separate days, during mostly daylight hours from late morning to early evening (e.g., 16:00-23:00 GMT). Several measurement periods of longer duration were also made to study the diurnal variation in ammonia. Meteorological parameters that were routinely measured and recorded during the periods of ammonia measurement included: temperature, pressure, dew point, wind speed, wind direction, UV and visible solar flux, and synoptic weather data for the southeastern U.S.A. received from the National Weather Service. A summary of the data taken during the winterspring period is shown in Fig. 7 . While limited, this data set does indicate a distinct, albeit slight, increase in the average ammonia levels observed as the winter changed into spring. Preliminary work performed at Stone Mountain in'the early fall of 1987 exhibited NH 3 levels that ranged between 1000 and 3000 pptv (average 1500 pptv), well above the highest concentrations measured the following winter and spring. This suggests a trend in which NH 3 levels, observed at Stone Mountain, are lowest during the winter months and are highest during the hotter summer or early fall months. The high NH 3 levels of the fall previous to the winter and spring of 1988 also suggest that the slight upward trend observed in Fig. 7 should have increased as spring entered into summer. This hypothesis supports the observation of increasing NH 3 levels from spring to summer 5 65 7 that were attributed to elevated surface soil temperature. However, these observations appear to contradict the observation of a spring maximum with somewhat lower levels of NH 3 being observed during the summer months. 5 8 The spring maximum was believed to be due to the impact of heavy applications of ammonium nitrate fertilizer to nearby farmland. Any apparent discrepancy among these observations most likely reflects the differences in soil types, land utilization practices, and the extent of anthropogenic perturbations at the various field sites. Significant diurnal variations in ambient ammonia concentration were also observed at the Stone Mountain sampling site as shown in Fig. 8 . It is believed that this diurnal variation is due to a capping-off of the nocturnal boundary layer at an elevation below that of the sampling site as evidenced by boundary layer heights estimated from the inversion layer height viewed over nearby Atlanta. The approximate fourfold elevation in NH 3 concentrations shown in Fig.  8(b) closely followed visual observations of the breakup in the nocturnal boundary layer through the early morning hours.
Figures 8(a) and (b) are intended to show the differences in NH 3 levels between nighttime and daytime for the winter season at Stone Mountain. They are also intended to illustrate the potential relationship between the localized measured concentration of NH 3 atop Stone Mountain and observations of related parameters (such as nocturnal boundary layer). However, these data should not necessarily be considered as the norm for this season, as only four diurnal measurements were performed during the winter and spring of 1988. Certainly more data collection is necessary before definitive conclusions can be drawn. To estimate the effect air temperature had on the levels of NH 3 between days of cloud/rain events and days of relatively clear weather, the data were broken up into four categories according to both air temperature (AT) and relative humidity (RH) level: data at <5 0 C AT and <50% RH, data at <5 0 C AT and 250% RH, data 25 0 C AT and <50% RH, and data at 5 0 C AT and 250% RH. Within each category, the average concentration of ammonia was calculated as presented in Table II .
The results in Table II certainly cannot be considered conclusive since they represent a rather limited data set and no attempt has been made to decouple the seasonal trend in the data, which may be due to elevated temperatures and changes in fertilizer usage or both, from the results of Table II . However, some features of the results are worth noting. For example, comparing all the data of <5 0 C air temperature with the data of 5 0 C air temperature, a marked temperature effect is seen: an -2.5-fold increase in NH 3 concentrations on going from cold days to relatively warm days. Separating the data further, by relative humidity, within each of the two temperature ranges, provides some information on the effect relative humidity has on NH 3 concentrations. For the data of <5 0 C air temperature, on days when the relative humidity was 250%, the average NH 3 concentration was not statistically different from the day when the relative humidity was <50%. The difference in the average NH 3 concentration between the high and low relative humidity data sets for the data of 5 0 C air temperature exhibits a similar trend in that the average NH 3 concentration for the high humidity days is not statistically different from the low humidity days. And, of the high humidity days, over half of the data represent measurements taken during periods when low lying stratus clouds were sampled. The highest concentration of gas phase ammonia measured during the winter/spring of 1988, 877 pptv, was measured while sampling dense clouds, near 100% relative humidity and intermittent rain or drizzle.
While soil moisture and temperature changes can certainly have significant impacts on ammonia emission rates, as will fertilizer application practices in suburban regions preceding frontal passages, it is believed that these measurements sharply contrast those made by Force et al.1 9 In this latter study gas phase ammonia was observed to dramatically decrease as the relative humidity increased past 50% even though the deliquescence point for NH 4 NO 3 aerosols lies at >60% relative humidity. The authors hypothesized that the decrease in observed NH 3 (gas) was due to liquid phase aerosol scavenging. An alternative explanation of 33 that hydration of ammonia may further limit the usefulness of highly specific spectroscopic techniques.
It is also interesting to note that on both days shown in Fig. 8 the relative humdity was >50% before sunrise and <50% as the boundary layer height (and subsequent temperature) rose through the morning. On the surface this appears as the same trend seen by Force et al.1 9 However, we believe that the increase in ammonia as the RH dropped (i.e., temperature increased) is due to changes in boundary layer height (and the associated increased coupling with soil emissions) rather than to a lowering of the relative humidity. To date, significant depletion of gas phase NH 3 by aerosols, fog, or cloud processes has only been observed by our group on one occasion that involved sampling of ice particle laden air during the winter 1989 Boulder Intercomparison Field Program (detailed results to be reported elsewhere). Artifact gas phase ammonia produced by aerosol decomposition on the sample inlet line cannot be absolutely ruled out as a source of the observed ammonia signals, in cloud sampling conditions. Artifact ammonia is, however, not believed to significantly contribute to the observed signal due to the short residence time (<1 s) and near ambient pressure/temperature conditions within the sample manifold system. Obviously, more detailed studies of the particle and aqueous phase equilibrium of ambient NH 3 containing aerosols and droplets and subsequent heterogeneous removal via rain/washout are needed, especially in view of the large uncertainty associated with NH 3 sticking coefficients on naturally occurring atmospheric aerosol surfaces over the temperature range of 230-315 K.
IV. Conclusions
A VUV/PF-LIF sensor has been developed and tested that is capable of making routine measurements of gas phase atmospheric ammonia in the few parts-pertrillion-by-volume range (i.e., 10 pptv = 2.5 X 108 molec/cm 3 at 1 atm pressure). Current limits of detection (LOD) (for a S/N = 2/1) are <10 pptv for a 1-minute signal integration period, and <4 pptv for a 5-min signal integration period in moderate aerosol loadings and high ambient water vapor conditions. For clean air sampling, more typical of the remote troposphere, the instrument LOD is expected to improve slightly to <5 and <2 pptv for 1-and 5-min integration times, respectively. While they have not proved necessary to date, modest instrument improvements should easily result in limits of detection of <2 and <1 pptv for 1-and 5-min integration periods in clean remote free tropospheric sampling conditions. The spectral selectivity of the technique allows for calibration and tracer studies using either 1 5 NH 3 or 14NH3 as the specifically monitored trace gas. This aspect should provide unique opportunities over other currently available techniques in the study of NH 3 phase equilibria with atmospheric aerosols and droplets.
As yet no interferences, either gas phase or aerosol phase, have been identified as being significant in atmospheric sampling conditions. In addition, the instrument performance is not degraded in adverse sampling conditions (i.e., rain, fog, clouds, haze, etc.).
The VUV/PF-LIF instrument can be configured for operation on an aircraft platform, as has been demonstrated with similar LIF systems developed by our group that have now logged over 500 h of total airborne measurement time for the measurement of the molecules OH, 59 NO, 4 9 and NO 2 . 36 There are no inherent limitations in the instrument's ability to measure real time vertical concentration profiles of NH 3 in the 10-pptv range or higher for vertical descent rates up to 250 m/min, resulting in 250-m vertical spatial resolution. Ammonia measurements made at Stone Mountain, GA, showed no distinct trend with relative humidity. 3 concentration exhibited in excess of a fourfold increase during the day that is believed to be due to a breakup in the nocturnal boundary layer.
